Abstract: Myeloproliferative neoplasms (MPNs) repre sent a group of diseases that affect the myeloid lineage, characterized by the presence of an excess of terminally differentiated myeloid cells. Defects causing clonal hematopoiesis are a key factor in the emergence of these diseases. Throughout the years, a number of causative defects have been identified, predominantly affecting cytokine signaling and gene expression regulation. This review aims to provide an update on the current status of the MPN field in relation to identification of molecular defects involved in the disease and its clonal evolution.
Introduction
Myeloproliferative neoplasms (MPNs) constitute a hetero geneous group of diseases in which there is an increased production of clonal myeloid cells and frequent evolution to acute myeloid leukemia (AML) [1] . The disruption of hematopoiesis is a hallmark feature of MPNs. Hemato poiesis is a dynamic and highly regulated process in which differentiation and proliferation of hematopoi etic cells are tightly coupled. Acquired mutations (point mutations or chromosomal aberrations) may disrupt this process, resulting in a wide range of defects affect ing the myeloid lineages. The majority of somatic muta tions that accumulate during the division of pluripotent hematopoietic stem cells often have no phenotypic effect, although certain mutations seem to provide a proliferative advantage. As a consequence, a stem cell carrying such an advantageous mutation enters the cell cycle more often and establishes a clone that expands over time, resulting in monoclonal hematopoiesis. Establishment of monoclo nal hematopoiesis is a characteristic feature of all myeloid malignancies. One of the frequent phenotypic outcomes of clonal hematopoiesis in humans are MPNs. The current classification of MPN by the World Health Organization includes nine disease entities; however, only the classical BCRABLnegative MPNs are the subject of this overview [1] . The classical MPN include polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofi brosis (PMF). PV occurs as result of the overproduction of red blood cells; ET results from the overproduction of platelets; and PMF is characterized by the accumulation of excess fibrotic tissue in the bone marrow.
Over the past decade, genomics has enabled the discovery of a diverse range of genes in MPN pathogen esis, indicating that many different cellular pathways are responsible for the clonal evolution of stem cells in the disease. The somatic mutations associated with MPN identified so far fall into two major functional categories: (1) mutations affecting cytokine receptor signaling and (2) mutations associated with regulation of gene expres sion (Table 1) . This review will discuss the progress made to date in elucidating the molecular basis of the disease and its clonal evolution. In addition, we will also address the contribution of various lesions to disease progression and their use as prognostic markers.
Mutations affecting the JAK-STAT signaling pathway
Cytokine signaling plays a major role in hematopoesis and is essential for the maintenance of hematopoietic stem cells and control of proliferation and differentiation of committed progenitor cells. A fine balance between cytokine production and signaling response is required for the generation and maintenance of blood cell homeosta sis. Because cytokines such as erythropoietin (EPO) and thrombopoietin (THPO) directly influence erythroid and megakaryocytic progenitor cell numbers, it is no surprise that many of the genes that mutated in MPNs target this pathway. Proteins involved in the stabilization of signal ing components, tyrosine kinases, and signaling adaptors are just a few examples of genes that have been implicated in the disease.
In 2005, a mutation in the JAK2 gene was identified by several groups that could be observed in over 90% of PV cases and approximately 50%-60% of ET and PMF patients [2] [3] [4] [5] . The JAK2 protein plays a pivotal role in cytokine signaling in hematopoiesis, mediating signals from a wide range of cytokines and growth factors. This particular mutation, a valinetophenylalanine substitution, occurs in exon 14 of the gene, resulting in the constitutive acti vation of the downstream signaling pathways [6] . Under normal conditions, it is activated upon the dimerization or oligomerization of cytokine receptors such as erythropoi etin (EPOR), thrombopoietin (THPOR), and granulocyte colonystimulating factor receptor (GCSFR) in the pres ence of a ligand [7] . However, the V617F mutation renders the JAK2 protein constitutively active in the absence of a corresponding stimulus. Mutations in other parts of the gene, including exon 12, have also been observed in a sub group of MPN patients [8, 9] . The identification of such a frequently mutated gene prompted further investiga tion into its role in the development of the disease. This was achieved using various approaches including murine models to recapitulate the myeloproliferative phenotype seen in humans. To date, several groups have reported the generation of murine models of the JAK2-V617F mutation; however, the myeloproliferative phenotype slightly differs between the various models. These models include bone marrowtransplanted, transgenic, and targeted knockin mice [10] [11] [12] [13] [14] . As the myeloproliferative phenotype in some mouse models showed strainspecific differences, it is speculated that germline genetic factors may contribute to the development of the disease in addition to the acquired JAK2V617F mutation. Nevertheless, all the studies con cluded that the JAK2 mutation is sufficient to produce a myeloproliferative phenotype. Following the discovery of JAK2 mutations, attention was drawn to other members of the JAKSTAT signaling pathway. This pathway can be activated through many different growth factor/receptor interactions including the myeloproliferative leukemia virus (MPL) oncogene. Mutations in this receptor were identified in a few ET and PMF cases. In particular, exon 10 of MPL is a hotspot for mutations in MPN, mostly occurring in patients who are JAK2V617Fnegative presenting with myelofibrosis and, to a lesser extent, ET [15] . MPLW515L and W515K mutations in exon 10 were found to be a gainoffunction mutation, leading to THPOindependent growth when investigated in a variety of cell lines and mouse bone marrow [15] . Through out the years, a few more mutations have been identified in exon 10 [16] . Functionally, MPL mutations target the cyto plasmic juxtamembrane or transmembrane regions of the receptor, which is responsible for preventing random acti vation of the receptor in the absence of THPO [17] . Overall, this gene accounts for approximately 15% of JAK2V617F negative MPNs and is known to appear early in the disease, indicating its role as a clonal and disease driver [18] .
Mutations targeting the negative regulators of the JAK-STAT pathway
Another important aspect of cytokine signaling is the negative regulation of its components. For instance, JAK2 has a number of negative regulators including LNK, SOCS family proteins, and CBL. The LNK gene, also known as SH2B3, is another target of mutations in MPN and is a key negative regulator of the JAKSTAT signaling pathway. It encodes an adaptor protein that, upon cytokine stimula tion, binds to JAK2, resulting in the inhibition of further downstream signaling. Its role in MPNs first came to light through the observation of corresponding knockout mice that developed a strong MPN phenotype with clini cal features such as splenomegaly and severe defects in hematopoiesis [19, 20] . It has also been shown to bind to MPL, thus affecting both JAK2 and MPL signaling [21, 22] .
Mutations in this particular gene are somewhat rare and have only been identified in a few JAK2V617Fnegative patients; however, there has been some evidence of a link with progression to AML [23] [24] [25] . Another negative regu lator of cytokine signaling that has been identified as a possible culprit in the disease is SOCS2. Lesions targeting a variety of SOCS proteins (SOCS1 and SOCS3) have been identified in a number of MPN patients [26] [27] [28] . These pro teins inhibit the activity of JAK by binding to JAK itself or to receptors upstream of JAK2 signaling. Mutations in SOCS genes are somewhat rare in MPNs; however, many studies have reported the disruption of such genes in MPNs via the hypermethylation or deletion of the gene itself [27, 28] .
Mutations in CBL have been reported in a wide range of myeloid malignancies, ranging from AML to MDS [29] [30] [31] [32] [33] [34] . With regard to MPNs, mutations in this gene are primarily found in PMF patients and rarely in ET or PV patients [33] . CBL itself functions as an E3 ubiquitin ligase and plays an important role in the regulation of cytokine signaling. Using its ubiquinating function, it can target certain proteins to proteasomal degradation, thereby acting as a negative regulator of the cytokine receptor signaling cascade, with targets such as JAK2, GRB2, and EPOR [35, 36] . Mutations in the gene seem to impair its ubiquitin ligase function and often result in a dominant negative effect [35] .
NF1 and NRAS constitute parts of the MAPK signal ing pathway, one of the primary downstream targets of JAK2. Recent studies have indicated that members of this pathway, such as NF1 and NRAS, are often mutated in MPNs, contributing to the myeloproliferative phenotype [37, 38] . Mutations in NRAS seem to result in the consti tutive activation of the protein, thus affecting the expres sion of the JAK2 target genes. NF1 is a wellknown negative regulator of RAS, enhancing its intrinsic GTPase activ ity via the hydrolyzation of GTP to GDP. Deletions of the NF1 tumor suppressor gene have been observed in many cohorts of patients, particularly those in chronic phrase, whereas NRAS mutations seem to primarily affect patients that have transformed to AML [38] .
Mutations affecting the epigenetic landscape and gene expression regulation
Dysregulation of gene expression is a common feature of MPNs, and this occurs mainly via the disruption of tran scription factors themselves or through an alternative route involving epigenetic factors. The recent discovery of an epigenetic role of JAK2 indicates that this cellular pathway may be important in the development of the disease [39] . A recent study has shown that in AML, patients can be seg regated into 16 subtypes, depending on their DNA meth ylation profiles, which in turn correspond to subtypes of AML as specified by the current classification system [40] . Highthroughput sequencing of many cohorts of patients has identified a plethora of aberrations in genes involved in epigenetic mechanisms as well as transcription factors. We expect a similar complexity in various MPN subtypes.
Transcription factor mutations
Transcription factors are the essential components of gene expression regulation. Mutated or deleted transcrip tion factors first reported in MPN include IKZF1, CUX1, and EZH2 [26, 41, 42] . Notably, these three genes are all located on chromosome 7, providing a plausible explanation as to why the monosomy of chromosome 7 is quite a severe cytogenetic lesion in MPN. Additional high resolution cytogenetic studies have identified a number of transcrip tion factors deleted in MPN such as ETV6, FOXP1, RUNX1, and CUX2 [26] . However, these deletions occur at a rela tively low frequency in MPN, and research is still ongoing into how exactly these deletions exert an effect on hemato poietic stem cells. Interestingly, some of these transcrip tion factors have been associated with progression to AML such as CUX1 and IKZF1, although the prognostic value of these deletions is yet to be determined [26] .
Epigenetic factor mutations
Epigenetic factors also play a pivotal role in regulating gene expression. This regulation can be achieved through the methylation/acetylation of cytosines or histones. In fact, CpG hypermethylation is one of the most common ways of achieving transcriptional repression. One example of an epigenetic gene affected by various mutations in MPN is TET2. TET2 encodes an enzyme that catalyses the switch of 5methyl cytosine into hydroxymethylated cytosine, requiring Fe(II) and αketoglurate [43] . The sequencing of patient samples has revealed many mutations targeting the TET2 gene, indicating a possible role of the protein in disease development [44] [45] [46] . It is speculated that TET2 affects gene expression through its role in DNA demethyla tion. TET2deficient mice often present with reduced levels of methylated cytosines in their genome alongside defects in the hematopoietic department [47] [48] [49] . Both muta tions and deletions of the TET2 gene have been frequently observed in patients, with mutations occurring in 13% and deletions in approximately 3% [27, 44, 45] . A recent finding has shed more light on the function of TET2, where somatic mutations were found in normal elderly individuals pre senting with clonal hematopoiesis [50] . This discovery, alongside the mouse studies, supports the notion that TET2 enhances selfrenewal and clonal expansion in stem cells. However, further studies are required to fully investi gate its precise role in malignant transformation.
DNMT3A is another interesting gene affected in MPN because it encodes a DNA de novo methyl transferase, which enables the transfer of a methyl group to cytosines in CpG dinucleotides. Mutations in this gene have been reported in approximately 10% of MPN patients and also in other myeloid malignancies, often accompanied by other lesions in genes such as IDH1/2, TET2, ASXL1, or JAK2 [51, 52] . Debate is ongoing in relation to whether this gene acts as a tumor suppressor or as an oncogene because evidence exists for both a gainoffunction role and a lossoffunction role [51, 52] .
Mutations in histone modifiers and splicing factors
Aberrations affecting genes involved in histone modi fications have also been described in MPNs such as the components of the polycomb repressor complex (PRC2). This complex functions by modifying certain histones, leading to repressive effects on gene expression, which in turn often affect processes such as development and cell proliferation [53] . The additional sex comblike 1 gene (ASXL1) encodes a gene involved in the polycomb repres sor complex, affecting the expression of various HOX genes [54] . This particular protein has been found to be targeted by mutations in up to 7.8% of MPN cases [55] . Other studies have shown that it is more frequent in PMF and disease progression, indicating a possible role for the gene in the development of the phenotype and transfor mation [56, 57] . Other polycomb protein members impli cated in the disease are EZH2, JARID2, AEBP2, EED, and SUZ12, which have been found to be mutated or deleted in patients presenting with both MPN and MDS [41, [58] [59] [60] .
Lastly, splicing factors play an important role in the mRNAprocessing pathway; thus, aberrant splicing can have a major effect on the expression of a gene. Mutations in many splicing factors have been discovered in a wide range of myeloid malignancies and seem to cluster within MDS patients [61] . However, in MPNs, up to 9.4% patients present with lesions affecting the splicing machinery [61] . The identified genes include SF3B1, SRSF2, U2AF1, and many others. In particular, SF3B1 mutations seem to occur in about 4%-6.5% of patients with PMF and 3% of patients with ET; however, there is no clinical association. One of the more interesting of these splicing factors iden tified is SRSF2, which has been shown to be associated with disease progression in MPN [62] .
Clonal evolution of MPN and lesions associated with leukemic transformation
Due to the sheer complexity of the disease, further research has been conducted into determining the genes involved in the initiation and progression of the disease, which are of great interest to both researchers and clinicians. JAK2 V617F and MPL mutations have already been shown to be sufficient to drive the myeloproliferative phenotype in mice, and the acquisitions of other cytogenetic lesions often follow these particular mutations. Several studies have reported the appearance of a TET2 mutation before JAK2, indicating a potential role for the gene in the evo lution of the disease. Lesions in other genes such as NF1 and CBL tend to appear later, usually toward the leukemic phase. It is important to note that almost one third of MPN cases do not possess any detectable cytogenetic lesion or JAK2/MPL mutations. Current research is aiming to cover this 'gap' in MPN biology through the use of everimprov ing sequencing technologies. Despite this 'gap', one con clusion that can be made is that the acquisition of all these cytogenetic lesions after the appearance of JAK2-V617F has no real pattern and appears to be acquired randomly in the context of disease evolution, with a few showing an asso ciation with disease progression to AML (Figure 1) .
MPNs can be divided into at least three different stages: chronic phase, accelerated phase, and the leuke mic phase. The chronic phase is characterized by a stable disease. The accelerated phase is a stage where a certain amount of cytopenia is present and secondary myelofibro sis or a steady increase of blasts can be observed. Lastly, the leukemic phase is the stage that is clinically defined by a blast frequency of over 20% in the bone marrow and with a variable degree of cytopenia [1] . In general, the risk of leukemic transformation for an individual diagnosed with MPN is 7% [9] . During recent years, many different genes have been implicated in MPN; however, not all affect the risk of progression of the disease. One of the most prominent genes in MPNs, JAK2, has already been shown to affect the risk of disease progression depend ing on the allele burden in the individual [63] . TP53 is a wellknown tumor suppressor gene implicated in many forms of cancer. However, in MPNs, mutations are rarely observed in the chronic phase and are often observed in the leukemic phase, at a frequency of approximately 20% [26, 64] . Therefore, acquisition of the TP53 mutation may stimulate the transformation of the chronic phase to the leukemic phase. Interestingly, de novo AML patients present with very low mutation rates of TP53, indicating that some other factors may be involved, such as the type of therapy used to manage this particular MPN [65, 66] . Cytogenetic aberrations are another interesting aspect of disease progression because patients with postMPN AML often possess a much more complex karyotype than those with the chronic phase [67] . Monosomy 7 is an interesting lesion because it has a poor prognosis and targets many genes including IKZF1, CUX1, and EZH2 [26] . Second ary AML shares many defects with de novo AML such as IDH1/2, FLT3, DNMT3A, NPM1, and RUNX1 [26, [68] [69] [70] [71] [72] [73] [74] [75] . This indicates that these genes may be involved in the overall leukomogenesis pathway but not specifically for transfor mation in MPNs. Deletions of 7q have also been found to be overrepresented in postMPN AML and seem to target the CUX1 transcription factor, which is involved in the cell cycle and general hematopoiesis [74, 75] .
Conclusions
Somatic lesions in MPNs affect a diverse range of cellular functions, from cytokine signaling to histone modifica tions. To date, the JAK2 and MPL mutations are the only genes that appear to show a high specificity for MPN and are also capable of inducing a myeloproliferative phe notype in animals. Many of the other MPNassociated genes are found in a wide range of myeloid malignancies and therefore are not considered to be specific for MPN. Further studies involving mouse models possessing one or combinations of these mutations may provide a deeper understanding into the development of MPN and how these mutations target the hematopoietic stem cells. In relation to the clonal evolution of the disease, it is clear that MPN is an extremely complex disease in regards to both its genotype and phenotype. Tailored and individu alized diagnostic methods and therapies may be the only way forward in the future to treat this extremely complex disease successfully.
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